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FOREWORD

This revsrt wur prapared by Columbia University under USAF
Contract No. »#7 33{0735)~22616 covering work on Vieusl Factors
in Cathode Hey X¢du Inia Presentation. The contract was initiated
under a project idsutified by Research and Develcpment Order XNoi;
69445, Presentation of Data on Radar Scopes, and was administered
by the Psychology Branch of the Aero Medical Laboratory, Directorate
of Research, Wright Air Development Center, with Dr, Kenneth T,
Brown acting as Project Enginser, i
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ABSTRACT

A method is described for specifying cathode ray tube (CRT) traces
in terms of visual measures of width and central luminance. Trace width
is measured with an imuage doubler which produces two parallesl images of
the CRT trace; width is defined in torms of the distance between the
centors of the two images when they just appear to merge, Central lumi-
nance of the trace is measured with & magnifying system in conjuamction
with the Macbeth illuminometer, The magnifier produces a real imaze of
the trace sufficiently enlarged to fill the rield of the Macbeth, Match-
ing is performed in the usual way, and the appropriate convarsion factor
applied to the *acheth reading. IEstimates of intra-observer zni iater~
observer variability are given for width and luminances measures. The
method of measuring csntral luminance is compared experimentally with
an alterpative method involving a direct monocular match,
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IHTRODUCTION

Bssearch on factors affecting the visibility of cathods ray tube

(CBT) displays snccunters the problem of specifylng the visual stimuius
vropertiss of such displays., This vroblem is complicated by two facts:
the areas of high luninance (target pips or the trace itrelf) zra small,
end the boundaries between light and dark arese are not sharp. For
sxzampls, one of the simplest types of display consists of a bright,
gtraight-line trace ageinst a dark background (eg in the Akscan type
of redar presentation). The width of the trace is only of the order
of sae millimeter, and the sdges of the tracs are not sherply Jefined,
ehading gradually into the background. Bscause of this, differant
methods of measuremsnt yield diffsreant wvalues for the trace width,.
In addition, the value obtained for trace luminance will vary, dopanding
on whether the method used actnally measures lumimance at the center of
the trace (central luminence) or average luminance over the width of the
trace.

A complete apecification of such a stimlus would give the dis-
tribution of luminance across the width of the trace, To obtain this
distribution would bs laborious, ard would require an instrument cap-
able of msasuring the luminance of an area 0,1 ma. or less in diamster.
(The photoelectric photometer described by Hemburger and King (1948)
used an area about 0.5 mm, 1n diameter but could presamably dbs adapted
for smaller arezs,) The present note describsz an alternative proce-
dure, in which the CRT trace is specified in terms ci 2 measurs of
central luminance obtained by visual metch, tegether with a measure of
trace width,

TPACE WIDTH

Sincs the CRT trace does not in fact have any definite edgss, any
measore of trace widih must rest upon 2 convention of some tort. The
convsuticn hers adopted 1s as follows, Two identical, parallel traces

r8 brought éloser ard clossr togsther untll thsy Jjust appear to mergs
{that is, nunitil an observer caz no longer distinguish them as two
separats traces). The diatance between the centers of tha two traces
vhen merging occure ie defined as the width of either trace. This is
similar to ihe so-called raster method of measuring spot or btrace width
which is used in connection with csthods ray tubse dssignsd for tsle-
vision amd other applications,

This method may be applied %o itke single trace by the use of a
tracs doutler, an optical systew which produces two rarallel, side-by-
side images of the trace, whose separation iz known and can bec varied,
To measure the width of a given trace, it is viewed through the dondMlar
end the seperation of the two images varied uatil they just mergs. The
separation of the two imeges is then the width of the trace saccording teo
the zbove definislon.

The eseontial parts of ths image doubler are indlcated in Fig. 1.
The %race whose width is to bs determinsd appears on the face of the CRT.
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Two glass plates, approximately 2 mm, thick, are mouvmted so thav sy
make contact along one edgs, and 80 that the angls € bsivwesn thom may
be varisd, The lino of contsct botween the plates intersecis (he
optical axis, ie porpendicular to 1t, and ie parallsl %o the CRT trace,
Light from the trace pm=sasing through onc of tho platsc emerges uachargsd
in dirsciion bui ehifted away from the inner edge, due to refraction as
the lizht enters the glass, The light passing through the other plate
is displeced in the opposite direction. Thus & btundls of light reya
coning from any point P on the $race will be split by the plates into
two bandles, which behave as if they came from it¥g pvoints, P! and FF,
lyive in the sane transverse nlape as the actusl trace, but separaisd
br & distance 4. The zise of 4 deponds on the thicknees of the plates,
their indsxz of rafraction, and the angle of btotwoon them. Ths tws
tundles froz each point on the ¢race fall on oppesite sides of the
objective, which formc ¢vwo real images of ths trase. Thoss imagos are
gimilar to thoss that would bs cbizinsd 1f tuwp paralisl tracee with
thair centers separated by & distance g, were belng viewed directly by
the objective without the intervention of the plates. Accordingly,
wihen the two images, viswsd through the eyepicece, Jjust merge; the
displacenent g beiweon the apparant scurces of ths tvwo imazes is emal
to ths width of each of the apparent scurces, apd therefors sgual to
the width of ths actual trace. This displaceaent d can be determined
by putting e inely zuled scale in pilace of the CRT, Viewsd througa
the doubler, two scales are sesn, displaced with respect to each other,
The amount of this apparent displocemeat is the trace width d.

The procsdure for measuring the widih of & given trace thms in-
volves two ateps: 1) adjusting the angle @ until the two images of
the trace sesn through the dcubler just zovge; 2) determining the
value of & for this @

¥hen it is desired to obtain 2 trace of a given width, the above
procedure may be reversed. The angle e is set so that the displacemsnt
betwesn the two images of the scale ie equal %o the desired trace width..
Thon the CRT trace 18 viewed through the doubler, ard the Pocus contrel
of the CRT display adjusted until the two imagos of tha tracs just merge,

Intra-oblerver and inter-observer varisbility wiik this method have
teen gstimated from maasuremenis made on a type 5CPL4A CRT, The proscedurse
for obtaining & trace of & given width was uessd to obiein trace widihs of
0675, 1c0, and 1.5 mm. at a mumber of diffsrent values of central trace
ivminence {3ee below). These valuse wore 23 follows: for the 0075 mme
width, eight luminancs wzluss ranging from 0,128 to 154 millilambsris;
for the 1.0 mm. width, nine values from 0,216 to 171 millilemberts: for
the le5 mw. widih, eleven values from 0,087 %o 184 millilamberts., For
ceen trace widib, five or more determinmtions wore.made ab emch luminpancs
value, yielding five or mors values c¢f the focus conirs) setting. From
all the setiings for a given irace width, tL preobatle error of ths
determinstion® made by a singls observer ot that widih was determined.
This was converted into trace width vnilts, and exXpressed &% & percentnge
of tho trace widih concerned., This percent probable error is the percent
dovintion from the menn of & seriss of observations which is sxzceedsd by
Ju5% one=haldy of the cobservations.




The intra~ocvserver variebility of one obssrver, with considerabls
practice in eaking trace width determinations, 1s given as the estimated
percent probable error for each trace width, The number of determinations
on which each figure ie bassd it given in porentbesss: 0.5 mm. 4 percent
(60 readinge): 1,0 m., 3.5 percent (65 readinge); 1.5 mm., 2,5 percent
(105 readings).

The results of smaller series of observations (of the order of 15
repdings) mede by two other, unpracticed observers yileld higher prchable
errors, up to twice those given above., It is believed that these differ-
ences in intra-observer variability are principally a funct.on of practice
in makirg the determinations. Intru~observer veriability shows nc con-
sistent relation to trace luminance, except that there is sume tendency
for variability to be greater at the very lowest luminance values than st
higher lsvels,

Inter-observer variability has been estimated by comparing the datu
of three observers, each meking five determinstions for a *race width of
0.75 mm., at luminance values of 3,97, 78.1, and 154 millilamberts, Each
set of five determinations was averazsd, and the range of the aversge
values for the three observers was computed for each luminance valve, The
average range of the values obtainsd by three different observers was
18 percent of the trace width, Although calculation of the average devi-
ation of & sample of three gives a wery crude estimate cf the vopulation
varisbility, it may be helpful ip comparing inter-cobssrver with intra-
observer variability, 4s estimated from the average deviatior of the
valunes of the three observers from their mean, the percent probable
error of the determinations of a single observer is 7 percent,

The question arises as to what extent measurements made on a CRT _
will be affected by variations in the CRT ard its circults over a period
of time, 4 compariscn of two seis of trace width dsterminations taken
8ix weeks apart indicaites that the effect of this source of variubility

on trace width iz not great enonsh to be detectable with the method here
described,

CENTRAL LUMINANCE

A CRT trace of the crder of one millimeter in width is not wide
noogh to £111 the fileld of the Macbeth illuminometer, Luminance can
navartheles" bes moasurcd by vieual, as oppossd o photoelsstric means,
through the use of an optical system which provides an imsgs of the

trace sufficiently magnified to fill the Macbeth field.

The optical eystem of the magnifier is disgraummed in Figure 2.
Two lenses mounted in contact, with a total nower of 42 diopters, can
be moved ineide a tubnlar housing 8o that the left- hand lens surface is
aaywhmre batween 2 and 3 cm. from the open end of thes tube, This end
of {he tuhs, protected by a feli ring, rests against the face of ths
CR?, Thz other end of the tube holds a collar into which ths cylindrical
projection of the Macbeth head fits snugly. The lenses form a real imuge

of thy CRT trace just to the left of the opening B in the I[mumer~Brodhun
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cube of the Macbeth, 28,6 oz, from the CRT face, The image is magnified
approximately 7 diamsters and is therefore larger than the opening, whiclk
is ahout 3 mm, in diemeter, The light from this image therefore fills
the central field of the Macheth and can be matched to the standard field,

The luminance of the magnified trace image will nuviously be dirffer-
ent from that of the trace itself, and it 1s thersfore mscesiary o
calibrate the magnirier~Macbeth combination, In order for thie calibraticn,
described beslow, to be mmaningful, it is essentisl that the real image of
the trace fall always at the sams pslnt, just tc the left of the opening B,
This is ensured by the use of a cap containing a& ground-glass sereen, which
can be fitied over the magnifier collar in place of the Machath, When this
cap is in place, the ground-glaes surface 1s exactly at the position where
the image is to be formed., By adjusting the position of the lenses A, the
trace image can be brought into focus at this point,

The procedure for making a luminance reading with the masnifier-
Macbeth combination includes the following steps: 1) With the gound-glase
screen in nlace and the open eni of the magnifier against the CRT face,
the image is brought into focus on the screen, 2) With the Macheth
seated firmly in the collar of the megnifier and the open end of the

/magnifier against the CRT face, the position of the magnifier or the

trace is adjusted transversely until the trace appears in the f£¥ld of the
Macbeth, 3) The standurd fiszld of tho Macbeth i1s watched to the brightest
part of the central field, and the Mzcbsth reading recorded. The brightest
part of the field is taken in order to get the hest possible estimete of
the luminance at the center of the trace,

The magnifier was calibrated with the aid of a simulated trace made
by placing an opaque mask, out of which was cut a slit one millimeter wide,
over sn extended light source whoie luminance could be meaunred directly
with the Macbeth, Thie gave & light source similar in shape to the CRT
trace, snd of knovn luminance, The simlated trace was viewed through the
magnifier-Macbeth combination according to the above procedure and a Mac-
beth reading obtained, This figure, divided into the actual luminance of
the similated trace, 1s the calibration constgnt of the magnifier., Read-
ings obtained with the magnifier must be maltiplied by this constant to
obtain the central luminance value of the trace being measured,

An estimate of the accuracy of the calibration constant obtained by
this method can be made from the results of calibrations conducted on six
different days. Each of thess calibrations was based or four or more
readings with the magnifier. The average value of the calibration constant
is 1.51, The estimatod probable error of this value is 2,5 percent.

Intra~observer variability of luminance measurements made with the
magnifisr-Macbeth arrangemeni may be estimated from data obtained by one
observer, consisting of five determinations at each of eight or more lumi-~
nance levels for eagch of three trace widths. (The trace widths and lumi-
nance levels are those referred to earlier in connection with the esti-
mation of intra~cbserver variability of trace width measurements.) Tho
average devizition of each set of five rsedirsa was expres’sadl ns & percext
of the average resding, The averages percent deviation cof all readings was

WaDC TH 52-258 6




then computed, and from it the percent prodable error of & single lumi-
nance reading is sstimated at 3 percent. The percent probabls error of
tho averagze of five readings made at a given setting would thus ba 1.3
percent,

The intsr-obesrver variability was estimated from the data of three
obeorvers, aach making flve or wore Juminance readinges at each i the
folloving combinations of trace widih and luminance level: 1 mm., 3.82
nillilamberts; 1 mm., 86,8 millilumberts; 1 mm., 171 millilamberts;

0.75 mm,, 102 milliimmberts; 1,5 mm,, 57 millilamberts, The readings

of each observer were averaged for each of the five conditions, snd the
range of the averuge values for the three obeervers was computed for

each condition. The avorage ranze of the values obtained by three
different ohcervers was 7,4 percent of their mean luminence velue, Again,
sstinating the probadle error fror the avsrsgze devintion of three observers,
the estimated percent probuble error of the measuremente of a sinrle ob~
servor is 2,5 percent,

The efiect of variaticns within the CRT and its circuits is grester
in the case of trace luminance than of trace width, In order to mini-
migze variations due to fluctuations in line wvoltage, the inmut to the
Dumont 304H oscilloscope used was monitored at 117,5 volts. The effect
of CBT and circuit variations was assessed by msking repeated luminance
measurecents at the sand control settings, eigsht times over z period of
three wveeks, A4s estipauted from these data, the percent vrobable error
of readings made on any one occasior, due tu CRT and circuit varlstilons,
is 2,3 percent,

It i= important to have an estimate of variaticas of this sort om
applicutions whers trsce width and luminusnce for various settings of the
Intensity and Focue controls are measured once and the resulting cali-
bration of the CRY display used over & periodl of time. Variations over
extended periods may be grmwater than those indicwted above, It is
advisable to check the initial calibration occasionally b7 repeating
the luninunce measurement at & single "reference” set of control setltings,
in the middle of tho width and luminance range used, Lven i7 the devi-
ation from the initial calibration is substantiml, it mey not be necessary
to repeat the eptire calibration, Ifthe Intensity and Focue controls
are left at the "reference” settings ani zome pther control (8.z., Sweep
¥Yrequency or, if the trace is horizontal, Horizontsl (fain) used to bring
truce luminance bhack to its value in the initinl calihvration, the effect
vill be to reinstate the entire calibration, The trace width calibration
is uoaffected by this operation wit?in rather wide limits,

The preseni msthod of meusuring ceatral luminance of a GRT trace
has been uted to calibrate the 5CP4s CHT previously amentioned. The range
of central Juminance obtained is from about 0.1 to about 180 millilamberts,
This waximum luninapce value is considerably lese than the value of 1000
millilambarts.reported for PPI displays by Williams and Bartlett (1948),
This may be due to the fact that their meusurements were mude nn a P7
long-persistence phosphor, The radiation built up in the second, phoe-
phaorescent layer of such a phosphor nay bhe considerably (greefter then that
from a relatively whort-persistence phosphior such as the P4 ussd in the
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e e A A e Ny <o o i

S—



SCP4A CRT, The possibility that the difference in maxisum luminance is due
to differences in CRT or circuit comstruction or in mathods of maasuresent
should also he explorad.

The lower limit of approximately 0,1 millilamberts, in the calibration
raferred to above, is set primarily by the coarseness of the Intansity
cantrol on the CRT, which does not vermit repeatable seitings for lower
luminance levels. V¥With & control erragzement which doee permit such set-
tings, lower luminance wa! (88 could be msasured, although as noted in the
®Discueaion”, intea~chasrver wariabllity would be greater. The upper ans
lower limiis of luminan~s measuremsant nosaibhle with the magnifier-Mecbeth
combination are those cf the Macheth alone, waltiplied dy 1,5, the cali-
bration factor of the cagnifier.

COMPARISON WiTH DIRECT MONOCULAR MaTCHINu METHOD

The measurerent o trace wildth and ceatral luminance is only one of
several possible matherds of specifying, by wvisual means, the stimilus
properties of a CRT troce. An alternative approack consists in matching
the CHT trace directly with a compariscon stimulus of similar shape, i.a.,
a narrov strip of light of the sort previously described as a simulated
trace, The match may be monoculer or bimoculer, It is of considerabls
interast to know the relatiornship between measurements obtained by these
different methods, & comparison of ths csntral luminance and direct mono-
cular mtching methods 1s described below,

Light from a simulated trace of known luminance, similar to that
previously described, was reflected into the oye from & front-silvered
mirror in such a manner that it appearsd aid» by side with the real CRT
trace, vhich was vieved directly, The resl) and simlated tracss were at
the sams opntical distance from the eye, and were approximately matched
for color by the use of an appropriate filter betwsen the similated trace
and the rpirror, The simlated trace was ope pilljneter wide, and it was
matched to a CRT trace of the same width, as nead,‘u'od by the doubler
wethod., The apparent distance bstween the parallbl traces during match-
ing was about equal to the trace width, The match was made by varying
the density of a polaroid, placed hetween the simuiated trace and the
mivror, until the two traces appeared equally bright., Matches were made
in the range of ﬂan tral luminance 80 to 110 millilamherts, The results
are expressed aw the ratio betwesn the central luminance as measured with
the magnifier and the “average" luminance as measured by direct monocular
match,

Comparisons made on four different occasions, each involving several
luminance determinations, give an average value o the magnifier-monocular
ratio of 0,582, The estimated probtable error of this fisure iz 7 percent,

This result indicates that centrul luminance as measured with the
magnifier is less than "aversge” luminancs as measursd by direct monocular
match, If the luminous area of the CRT wers really no wider than the
trace width ae determined by the doubler, the central luminance should be
groater than the average luminance. Actually. some light reaches the eye
from & wider area, since the trace shades uff gradually into the background,
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FPresumably, ths contribution which this light makes to the total visual
efiect in the direct monocular mateh (but not in measuraments mads with
the nogniflor, orplninl why the magnifier-monoonlar ratio 1s less than
one, .

DISCUSSION

The chief advantages and limitations of the present method of
measuring traco luminance are those of any visual method of stimilus
specification, Since the color temperature of the CRT trace will usually
be different from that of the standard field of the Macbeth, inter-observer
differences in photopic or scotepic luminosity curves may cause observers
to disagree, Overall inter-observer variability, however, will presumehly
be about the same at photopic and scotopic levels. At luminance levels
below the photopic range, intra~ohserver variabllity increases, In most
work with CRT displays very lov lumimance levels will probahly not de
used, 8o that intra-observer variability may nect be a great problesm, In
such work, the use of & visual measure avoide the problem, encountered
in photoelectric methods, of matching the sensitivity curve of the human

oyo.

The doubler msthod of measuring trace width depends on the discrimi-
pation of the difference in luminance between the center of either trace
image and the point midway between the two ceaters, If the discriminatory
threshold AI/I were constart for all luminance levels, the doubler method
vould be equivalent to defining trace width as the distance between those.
points on either side of the trace center &t which luminence falls off
to some specified, fixed fraction cf ite value at the trace center, In
reality, threshold AI/I is smaller at high than at low luminance levels,
Consequently, the ratio between ths trace width measured with the doubler
end the trace wiith that would he obtained by measuring between points
representing a fixed fraction of central luminance, will be smaller at
high than at low J.u.minencu. The isvortance of this factor might be '

ssayed through its effect on the nag’pifier-monocular ratio (above), tince
it would ténd to make th*s ratio decrease as luminance increasea,
Some modifications that would increase the usefulness of the magnif:ler
'msthod may be sugcested., The area of the trecs from which 1light reaches
* the central field of the Macbeth could be reduced consideradbly, partly by
increasing the megnificetion of the trace image, but mors especially by
the use of a Iummer-Brodhun cube with a smaller central aperture. Ths
central fleld of the Macbeth could prodably be reduced in this way to
cne~hali its usual diameter without affecting the ease of making a match,
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